Pyrazolyl-substituted 1,4-dihydroxybenzene and 1,4-dihydroxynaphthene derivatives have been synthesized by reaction of 1,4-benzoquinone and 1,4-naphthoquinone, respectively, with pyrazole. Cyclovoltammetric measurements have shown that 1,4-benzoquinone possesses the potential to oxidize 2-(pyrazol-1-yl)-and 2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzene. The 2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzene reacts with air to give quantitatively black insoluble 2,5-bis(pyrazol-1-yl)-1,4-quinhydrone. Black crystals of 2,5-bis(pyrazol-1-yl)-1,4-quinhydrone suitable for X-ray diffraction were grown from methanol at ambient temperature (monoclinic C2/c). The poor yields of pyrazolylsubstituted 1,4-dihydroxybenzene and 1,4-dihydroxynaphthene derivatives can be explained by the formation of insoluble black quinhydrons in the reaction of benzoquinone and naphthoquinone with pyrazole. The dianions of 2-(pyrazol-1-yl)-and 2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzene react with oxygen to give the corresponding semiquinone anions. 2,5-Bis(pyrazol-1-yl)-1,4-benzoquinone shows two reversible one-electron reduction processes in cyclovoltammetric measurements, whereas pyrazolyl-substituted 1,4-dihdroxybenzene and -naphthene derivatives undergo irreversibile electrontransfer processes.
Introduction
Redox-active ligands can be used to influence the electrochemical reactivity of transition metals since their redox activity is expanded upon complexation. The resulting complexes can undergo multi-electron transfer reactions which are the sum of the oxidation state changes of the metal center and the ligand [1, 2] .
Due to their electrochemical reversibility, quinone derivatives are candidates for redox-active ligands. Oxidation of hydroquinone and reduction of benzoquinone derivatives are known to play an important role in biological redox processes [3] . The oxidation of the dianion of hydroquinone 1 2− to benzoquinone 1ox occurs in two one-electron steps via the semiquinone radical anion 1sq − (Scheme 1). However, this process depends strongly on the pH value. Owing to their rigid structure and completely conjugated π-system, hydroquinone ligands can be expected to contribute efficiently to the spin-spin couplings between paramagnetic metal ions. In addition, the two diamagnetic compounds hydroquinone and benzoquinone as well as the paramagnetic semiquinone anion are able to interact with the orbitals of transition metals to different extents. By adding additional coordination sites, paraquinones can be derivatized to generate bidentate ligands. Promising members of this family of compounds are the derivatives of (pyrazol-1-yl)-1,4-dihydroxybenzene [4 -7] . Therefore, we investigated the coordination behaviour of hydroquinone derivatives with chelating pyrazolyl anchor groups towards Cu II ions. We have established 2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzene as a redox-active bridging unit in dinuclear and polynuclear Cu II complexes A and B (Fig. 1 ) [8 -13] .
However, when 2-(pyrazol-1-yl)-1,4-dihydroxynaphthalene is reacted with CuCl 2 and lithium bis(trimethylsilyl)amide, no formation of Cu II complexes is observed. Instead, a redox reaction takes place in which [Cu I (NH 3 )Cl] and 2-(pyrazol-1-yl)-1,4-naphtoquinone are formed [14] . It may thus be concluded that 2-(pyrazol-1-yl)-1,4-dihydroxynaphthalene not only acts as a proton source in the protolysis of lithium bis(trimethylsilyl)amide, but is also involved in the reduction of the Cu II centers. The purpose of the following paper is to investigate the electrochemical behaviour and the solid-state structures of several (pyrazol-1-yl)-1,4-dihydroxybenzene and (pyrazol-1-yl)-1,4-dihydroxynaphthalene derivatives. Finally we report on the crystal structure and the properties of 2,5-(bispyrazol-1-yl)-1,4-quinhydrone.
Results and Discussion Syntheses
The reactions of 1,4-benzoquinone and 1,4-naphthoquinone with derivatives of pyrazole and triazole were first described by Gauß [15] . As reported previously, pyrazole adds to 1,4-benzoquinone to give a mixture of mono-pyrazolyl adduct 2 and bis-pyrazolyl adducts 3 and 4 (Scheme 2). Ballesteros and coworkers found that the relative amount of products thereby depends strongly on the reaction time [16] .
In contrast to the results of earlier studies, investigations of our group have shown that a reaction between benzoquinone and hydroquinone 3 takes place to give quinone 3ox and a black insoluble material. The addition of benzoquinone to pyrazole also produces a black precipitate. However, the solution of this reaction contains the hydroquinones 1, 2, 3, and 4. These hydroquinones have been identified by analytical HPLC. The stoichiometry of the reactants benzoquinone and pyrazole does not play an important role in product ratio as the reaction time does. However, under all the applied reaction conditions the yields of the hydroquinones 2, 3 and 4 were quite low, which can be explained with the formation of the insoluble black quinhydrone 3qh. The X-ray powder diffraction studies of this insoluble material have shown exclusively the pattern of 3qh. It is interesting to note that if this reaction is carried out under inert gas, the sum of the yields of pyrazolylsubstituted hydroquinones is higher than the yields if benzoquinone reacts with pyrazole in air. We were interested in the preparation of hydroquinone 3 in large quantities. We therefore have optimized the reaction conditions to produce 3 in higher yield. The best result was obtained when the reaction was carried out in an inert gas atmosphere (e.g. nitrogen) with a ratio of benzoquinone to pyrazole of 1 : 1 in hot dioxane (yield 30%). The 1,4-hydroxybenzene derivatives 2, 3, and 4 have been separated by preparative HPLC and by crystallisation.
The 1,4-naphtohydroquinone 5 and the 1,4-hydroquinone 7 have been obtained following a similar synthesis protocol as described above for the preparation of 2, 3, and 4. The syntheses of the quinone derivatives 3ox, 5ox, and 7ox were conveniently achieved by oxidation of 3 with 1,4-benzoquinone and of 5 or 7 with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). 6ox has been prepared from 2,3-dichloro-1,4-naphthoquinone and pyrazole according to a literature procedure [15] .
The hydroquinones 2, 3, 4, and 5 can be deprotonated twice with 2 equivalents of a strong base such as KOtBu. The resulting dianions show a pronounced sensitivity towards oxidation. The EPR spectra of isopropanol solutions of dianionic 2 2− and 3 2− in the presence of traces of oxygen show signals which can be assigned to the semiquinone anions 2sq − and 3sq − (Scheme 3).
Generally, semiquinone radical anions are only stable in solutions with a high pH value. In less alkaline solutions, a disproportionation reaction takes place from semiquinone to hydroquinone and quinone, as shown in Scheme 4. Equimolar mixtures of hydroquinone and benzoquinone are known to form intensively colored quinhydrones. These complexes show a charge transfer between the electron-rich hydroquinone and the electron-attracting benzoquinone (Scheme 4).
Upon standing in methanol under atmospheric conditions, the hydroquinone 3 is oxidized quantitatively to 2,5-bis(pyrazol-1-yl)-1,4-quinhydrone 3qh. Black crystals of the quinhydrone 3qh suitable for X-ray diffraction were obtained from methanol at ambient temperature. It is interesting to note that the quinhydrone 3qh is nearly insoluble in organic solvents. EPR spectra of the semiquinone anions 2sq − and 3sq − Solid-state EPR spectroscopy has revealed the diamagnetic nature of 2,5-bis(pyrazol-1-yl)-1,4-quinhydrone 3qh. The nature of this quinhydrone can also be observed in its IR spectrum, which is a superposition of the individual IR spectra of 3 and 3ox. Similar IR patterns were observed for the parent compound 1qh [17] . In the EPR spectrum of 2sq − a fourline signal is observed, whereas 3sq − shows a threeline signal (Fig. 4) .
The multiplet splitting of the signals of the semiquinone anions 2sq − and 3sq − is caused by the coupling of an unpaired electron to protons attached to the central benzene ring {2sq − : 3 H; (3sq − ): 2 H}. Couplings with pyrazolyl H substituents are not resolved for either semiquinone.
Electrochemistry
The electrochemical behaviour of 2, 3, 3ox, and 5 has been investigated by cyclovoltammetry in dichloromethane solution. The cyclovoltammetric profiles exhibited by 2, 3, and 5 relate to oxidation processes; as expected, all of them possess features of chemical irreversibility on the cyclovoltammetric time scale (Scheme 4). The processes for 3 and 5 are all monoelectronic, whereas 2 shows a two-electron process. The unsubstituted parent hydroquinone undergoes a In contrast to the hydroquinone derivatives 2, 3, and 5, the quinone 3ox shows two reversible oneelectron reduction processes. The reduction of 3ox can be explained with the formation of the semiquinone anion 3sq − and the hydroquinone dianion 3 2− as shown in Scheme 5.
Structures
The molecular structures of the compounds 3qh, 4, 5, 5ox, 6ox, and 7ox are shown in Figs 5 -16. Selected bond lengths and angles are listed in the corresponding figure captions, details of the crystal structure analyses are summarized in Table 3 .
The crystal structure determinations of 2, 3, 3ox, and 4 · (H 2 O) have already been reported [4, 18, 19] . We obtained single crystals suitable for X-ray diffraction of 2 from chloroform and carried out a redetermination of the structure at low temperature [20] .
The quinhydrone 3qh crystallizes in the monoclinic space group C2/c with a crystallographically imposed [4] , 3qh and 3ox [18] . Table 2 ). The pyrazolyl rings in 3qh are slightly twisted off the hydroquinone plane with a torsion angle N(2)-N(1)-C(4)-C(6) of −18.1 (6) • . In the crystals of the quinhydrone 1qh, the hydrogen bond formation leads to an infinite molecular chain along the molecular axis [21] . In the crystals of 3qh, by contrast, the molecules form columns in which the benzoquinone rings are stacked with hydrogen bonds between the oxygen atoms of the two neighboring benzoquinone units (Fig. 6 ). In the solid-state structures of both quinhydrone 1qh [21] ent. The molecular planes in 3qh are shifted against each other in a stair-like manner. Remarkably, the IR spectrum of 3qh as well as of 1qh features the characteristic vibrations of the hydroquinones 3 and 1 and the quinones 3ox and 1ox, but the crystal structures of 3qh and 1qh show only one type of molecule. The distance in 3qh between the molecular planes is about 3.2Å and thus in a range typical for charge transfer complexes between two molecules.
The molecular structure of hydroquinone 4 (monoclinic space group P2 1 /c is shown in 2-(Pyrazol-1-yl)-1,4-dihydroxynaphthalene (5) crystallizes with two independent molecules in the asymmetric unit in the triclinic space group P1 (Fig. 10 represents one of two molecules of 5; in the caption bond lengths and angles of both 2-(Pyrazol-1-yl)-1,4-naphtoquinone (5ox) was obtained in two different polymorphs, one in the monoclinic space group C2/c, Fig. 11 , the other one in the orthorhombic space group Pna2 1 , Fig. 12 . The angle between the pyrazole plane and the naphthoquinone plane is 20.7
• in the monoclinic poly- The molecular structure of 7ox is shown in Fig. 15 . The compound crystallizes in the monoclinic space group C2/c. The two Br-substituted pyrazole rings are almost in a common plane as depicted in Fig. 16 . A structural motif similar to that of the quinone 7ox has also been found for the hydroquinone derivative 3 [4, 19] . However, the hydroquinone 3 displays intramolecular hydrogen bonds between the OH groups of the hydroquinone fragments and the pyrazolyl nitrogen atoms. As shown in Fig. 16 the quinone 7ox forms a layer structure in the solid state. It is interesting to note that the molecular structure of 7ox is quite different from that of 3ox. In the quinone derivative 3ox [18] the pyrazolyl rings are turned almost 180
• about the axis.
Conclusion
In summary, cyclovoltammetric measurements have shown that 1,4-benzoquinone possesses a higher oxidation potential than the pyrazolyl-substituted quinones 2ox, 3ox, and 5ox and is therefore able to oxidize the pyrazolyl-substituted hydroquinones 2, 3, and 5. Moreover, the hydroquinone 3 reacts with air to give the black insoluble quinhydrone 3qh quantitatively. In the syntheses of the hydroquinone derivatives 2, 3, 4, and 5 the corresponding quinhydrones are generated as side products. The formation of these insoluble black quinhydrone derivatives in the reaction of 1,4-benzoquinone or 1,4-naphtoquinone with pyrazole can explain the poor yields of 2, 3, 4, and 5. The syntheses of the quinone derivatives 3ox, 5ox, and 7ox were conveniently achieved by oxidation of 3 with 1,4-benzoquinone and of 5 or 7 with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone. 
Experimental Section
Reagents and solvents were obtained from Aldrich Chemicals. NMR spectra were run at ambient temperature. NMR: Bruker AMX 250, Bruker DPX 250, Bruker AMX 400 spectrometers. Abbreviations: s = singlet; d = doublet; tr = triplet; vtr = virtual triplet; nr = multiplet expected in the 1 H NMR spectrum, but not resolved; pz = pyrazolyl; hqui = hydroquinone. Infrared spectra were taken of solid samples in KBr on a Nicolet Magna IR 550 spectrometer. ESI-MS: Fisons (now Micromass) VG Platform II. Elemental analyses (carried out at the Institut für Organische Chemie, Universität Frankfurt): Foss-Heraeus CHN-O-Rapid.
Addition of pyrazole to benzoquinone
The reaction protocol was performed under different conditions:
Method A: Reaction of one equivalent of 1,4-benzoquinone and two equivalents of pyrazole in air.
Method B: Reaction of one equivalent of 1,4-benzoquinone and one equivalent of pyrazole in air. Fig. 13 . Packing of the 5ox molecules (orthorhombic polymorph) in the unit cell.
Method C: Reaction of one equivalent of 1,4-benzoquinone and one equivalent of pyrazole in a nitrogen atmosphere.
General protocol: 1,4-Benzoquinone and pyrazole were heated in dioxane under reflux for 1 h. The hot reaction mixtures were filtered and the filtrates were taken to dryness in vacuo.
The relative amounts of 1 -4 in these reaction mixtures were determined by analytical HPLC (Merck C 18 ; Merck Hitachi L4000A UV detector, λ = 254 nm; flow rate: 0.8 ml min −1 ) with gradient elution (0.1 M trifluoroacetic acid / methanol). 2 mg of each of the dried filtrates were redissolved in 2 ml 0.1 M trifluoroacetic acid / methanol and used for analysis.
Preparation of 2, 3, and 4: Pyrazole (12.94 g, 190 mmol) and 1,4-benzoquinone (20.54 g, 190 mmol) were heated in dioxane for one hour in an atmosphere of nitrogen. The hot solution was filtered, the filtrate was taken to dryness in vacuo. The residue was dissolved in a minimum amount of CHCl 3 . Addition of ethanol led to precipitation of 3. The mother liquor was taken to dryness in vacuo and 2 and 4 were separated with preparative HPLC. Recrystallisation (CHCl 3 ) of the crude material afforded compound 3 (30%) as colorless needles.
For quantitative separations, the dried filtrate was redissolved and separated by HPLC (Nucleoprep, 650 mm × 50 mm, 20 µm, Macherey-Nagel, Germany; Merck Hitachi L4000A UV detector, λ = 254 nm; SepTech Refractive Index Monitor) with isocratic elution. A typical separation was performed with a flow rate of 0.1 l min −1 , using a three-solvent system (hexane/ ethylacetate/dichloromethane 1 : 1 : 2). 
Oxidation of 3
Preparation of 3ox: A solution of 1,4-benzoquinone (0.110 g, 1 mmol) in 30 ml of dioxane was added dropwise to a stirred solution of 2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzene (0.242 g, 1 mmol) in 30 ml dioxane at r. t. After the mixture had been stirred for one hour, the orange mother liquor was filtered off the precipitate, taken to dryness in vacuo, redissolved in a minimum amount of dichloromethane, filtered, and taken to dryness again. Recrystallisation (dichloromethane) of this material afforded Table 3 . Crystallographic data and further details of the structure determination of 3qh, 4, 5, 5ox, 6ox, and 7ox. (4) 8.1195 (7) 9.438 (2) 16.432 (6) 17.876 (6) 12.3016 (7) 7.8358 (9) b,Å 3.7334 (9) 17.7566 (12) 10.145 (2) 12.686 (3) 5.0233 (13) 28.861 (2) 8.5800 (11) c,Å 16.045 (3) 8.7302 (8) 11.697 (2) 11.481 (4) 22.644 (5) 7.3643 (5) 19.1900 (17) α, deg (2) 100 (2) 100 (2) 100 (2) 146 (2) 173 (2) 173 ( Index ranges
No. of reflections collected The molecule contains no anomalous scattering atoms. Thus the absolute structure of the polar crystal could not be established. Upon storing 3 for two weeks in air, black single crystals of 3qh suitable for X-ray diffraction were obtained from a 0.1 M solution of 3 in methanol.
Syntheses of salts with the semiquinone radical anions 2sq − and 3sq − Formation of 2sq − : 2 (0.002 g, 0.01 mmol) and potassium tert-butoxide (0.011 g, 0.10 mmol) were dissolved in 1 ml of isopropanol in an atmosphere of argon. The pale yellow solution formed was transferred via syringe into a Schlenk EPR tube and cooled to −78 • C.
Formation of 3sq − : 3 (0.003 mg, 0.01 mmol) and potassium tert-butoxide (0.011 g, 0.10 mmol) were dissolved in 1 ml isopropanol in an atmosphere of argon. The pale yellow solution formed was transferred via syringe into a Schlenk EPR tube and cooled to −78 • C.
Syntheses of the hydroquinones 5 and 7
Preparation of 5: Pyrazole (1.23 g, 18 mmol) and 1,4-naphthoquinone (2.85 g, 18 mmol) in 300 ml of ethanol were heated under reflux for 16 h. The hot solution was filtered. Addition of water to the filtrate resulted in the precipitation of 2-(pyrazol-1-yl)-1,4-dihydroxynaphthalene. Recrystallisation (dichloromethane) of this material afforded compound 5 (1.40 g, 6.2 mmol, 34.4%) as white needles. 1 Preparation of 7ox: A solution of DDQ (0.23 g, 1 mmol) in 20 ml of dioxane was added dropwise to a stirred solution of 7 (0.41 g, 1 mmol) in 200 ml of dioxane at r. t. After the mixture had been stirred for one hour, the orange mother liquor was filtered off the white precipitate. The mother liquor was taken to dryness in vacuo, redissolved in a minimum amount of dichloromethane, filtered and taken to dryness again. Recrystallisation (CH 2 Cl 2 ) of this material afforded compound 7ox (0.18 mg, 0.45 mmol, 45%) as orange crystals. 
Electrochemistry
Anhydrous 99.9%, HPLC grade dichloromethane for electrochemistry was purchased from Aldrich Chemicals. The supporting electrolyte used was electrochemical grade NBu 4 PF 6 obtained from Fluka. Cyclovoltammetry was performed in a three-electrode cell with a platinum working electrode surrounded by a platinum spiral counterelectrode and the aqueous saturated calomel reference electrode (SCE) mounted with a Luggin capillary. Either a BAS 100A or a BAS 100W electrochemical analyzer was used as a polarizing unit.
X-ray crystallography
Data collection: STOE IPDS II two-circle diffractometer [2, 3qh, 4, 5, 5ox(monoclinic), 6ox, 7ox], Siemens-SMART-CCD three-circle diffractometer [5ox(orthorhombic)], graphite monochromated Mo-K α radiation (λ = 0.71703Å), T = 173(2) K. Empirical absorption corrections were performed using SADABS [22] [5ox(orthorhombic)] or the MULABS [23] option [2, 3qh, 4, 5, 5ox(monoclinic) , 6ox, 7ox] in PLATON [24] . The structures were solved by direct methods using the program SHELXS [25] and refined against F 2 with full-matrix least-squares techniques using the program SHELXL-97 [26] . All non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were located by difference Fourier synthesis and refined using a riding model. Crystallographic data (excluding structure factors) for the structures reported in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication nos. CCDC 202035 [2] 
